Due to its low redox potential and high theoretical specific capacity Li metal has drawn worldwide research attentions because of its potential use in next-generation battery technologies such as Li-S and Li-O 2 . Unfortunately, uncontrollable growth of Li microstructures (LmSs, e.g. dendrites, fibers) during electrochemical Li stripping/plating has prevented their practical commercialization. Despite various strategies proposed to mitigate LmS nucleation and/or block its growth, a fundamental understanding of the underlying evolution mechanisms remains elusive. Herein, synchrotron in-line phase contrast X-ray tomography was employed to investigate the morphological evolution of electrochemically deposited/dissolved LmSs non-destructively. We present a 3D characterization of electrochemically stripped Li electrodes with regard to electrochemically plated LmSs. We clarify fundamentally, the origin of the porous lithium interface growing into Li electrodes. Moreover, cleavage of the separator caused by growing LmS was experimentally observed and visualized in 3D. Our systematic investigation provides fundamental insights into LmS evolution and enables us to understand the evolution mechanisms in Li electrodes more profoundly.
The further development of characterization methods has often promoted a better understanding of the structure and function of materials. [1] [2] [3] [4] [5] [6] For example, optical microscopy, 7 atomic force microscopy (AFM), 8 scanning electron microscope (SEM), 9 transmission electron microscopy (TEM), 10 nuclear magnetic resonance (NMR) 11 and magnetic resonance imaging (MRI) 12 have been employed to understand the growth of the lithium microstructure (LmS) in lithium-ion batteries. Our comprehension of the growth mechanisms of LmSs has greatly improved 13, 14 since usage of Li metal as negative electrode began in the 1970s. 15 Nevertheless, prior analytical tools are inherently limited. For instance, most techniques usually require prior sample removal from their as grown environment for analysis, which is problematic since accidental exposure of LmSs to air during sample transfer 16 and the Lirinsing procedures applied for sample preparation 17 may fundamentally change their morphology. Furthermore, nuclear resonance techniques suffer from limited resolution of around 100 µm, the limited penetration depth of radiofrequency irradiation and additional concerns arising from artefacts introduced by metals. 18 Recently, Eastwood et al. have characterized the 3D microstructure of electrodeposited LmS by synchrotron in-line phase contrast X-ray tomography at sub-µm resolution, 18 demonstrating that this method is a suitable and powerful tool for the study of LmSs. In another study, Harry et al. found that most Li dendrites reside within the electrode instead of the polymer separator during the early stage of dendrite development. They conclude that these dendrites preferentially grow from crystalline impurities existing within an electrode. 19 In this work, we implement a further systematic study by using in-line phase contrast X-ray tomography. We propose that the Li dendrites residing on the surface of the electrode arise from the nascent electrochemically deposited LmS occupying the previously dissolved initial Li bulk electrode. Furthermore, the present study clarifies, from a fundamental point of view, the origin of the Porous Lithium Interface (PLI) growing towards the Li electrode, which has been discovered previously. 20 In addition, an unexpected cleavage of the separator caused by the growing LmS is experimentally shown. These unprecedented findings, which were not accessible from conventional microscopic characterizations and electrochemical measurements, fundamentally deepen our understanding of the evolution mechanism of the LmS during electrochemical stripping/plating. The insights obtained could open up the way towards design principles and opportunities to further ameliorate or eliminate LmSs.
RESULTS AND DISCUSSION
A proof-of-concept electrochemical cell, which is fully compatible with X-ray imaging and at the same time representative for commercial lithium-ion batteries (LIBs), was designed and manufactured as shown in Figure 1 along with a schematic illustration of the synchrotron Xray imaging setup at BAMline of BESSY II, Berlin, Germany. 21, 22 Two kinds of electrochemical cells were investigated: a Li electrode coupled with a silicon-based composite (Si/C) electrode (Li-Si half-cell) and a Li electrode coupled with a Li electrode (Li-Li symmetrical cell). All cells employed commercial Celgard ® 2325 separators and were filled with 0.2 ml standard 1 M LiPF 6 in ethylene carbonate (EC) and ethyl methyl carbonate (EMC) (EC/EMC=50/50 (v/v)) electrolyte. Details of parameters and cycling routines of the investigated cells are given in the Methods section and the Supporting Information (SI). The validation of the electrochemical performance of this proof-of-concept cell can be found in previous reports. 23, 24 The cycling curves of all the cells are shown in the SI. After cycling, the cells were transferred to the beamline to conduct tomography without prior disassembly. Every tomography was recorded with 2200 projections covering a 180° rotation angle. A detector system with 0.438 µm pixel size was used. 25, 26 The field of view (FoV) is 1.7 × 1.2 mm 2 large (length × height), which enables the simultaneous imaging of morphological changes occurring in all components of the electrodes. The detailed normalization, tomography reconstruction and 3D presentation procedure is given in the Methods section and in SI. Cross-sectional views of uncycled Li-Li (Li-Li-N: N denotes sample cell number. In this case, the sample is Li-Li-1) and Li-Si (Li-Si-N: N denotes sample cell number. In this case, the sample is Li-Si-1) cells are shown in Figure 2a -c and Figure 3a -c, respectively, where we can clearly discern the Li electrode, the separator and the counter Li electrode (Si/C electrode) by the light and dark interfaces between them arising from the in-line phase contrast. 28 In both cases, the interfaces between electrode and electrolyte of uncycled cells exhibit a few minor noticeable features (uneven surfaces shown in Figure 2c and Figure 3c ) caused by the high electrochemical activity of Li. 19 The negative electrode and positive electrode are labeled separately in Figure 2 and Figure In addition, differently sized cavities can be observed in the partially electrochemically dissolved Li negative electrode. It has been reported that the appearance of such cavities stems from the unevenly formed solid electrolyte interface (SEI) and that regions containing cavities are electrochemically more active than flat surfaces. 29 Furthermore, the separator deforms into an arched shape and adheres closely to the electrochemically dissolved porous structure, indicating that significant stress is generated during LmS formation.
In a next step, the Li-Li-2 sample was continuously electrochemically stripped for another 19 h. Figure 2g -I illustrates that a large amount of Li is further dissolved from the Li negative electrode and deposited onto the Li positive electrode, as indicated by the increased volume of cavities within the negative electrode and by the increasing LmSs on top of the positive electrode. Consequently, some delamination between the separator and the two Li electrodes can be observed, which is comparable to previous reports. 17 After electrochemically plating the Li-Li-2 sample for 17 h, the structure shown in Figure 2j -l is obtained. One observes that: i) during Li stripping from the positive electrode, it is the remaining Li bulk instead of the electrochemically plated LmS that undergoes electrochemical Li dissolution, as indicated by the newly formed void in the Li positive electrode (indicated by white triangles in Figure 2j,k) , ii) during plating of the negative electrode with Li, Li deposition occurs preferentially in the system of cavities structures as indicated by the newly formed LmSs on the surface of the existing cavities (note white tetragons in Figure 2j ,k). It has been reported that the nascent electrochemically inactive LmSs are still chemically active and can easily react with the electrolyte to form a new SEI coverage. 20 Consequently, the SEI formed electrically insulates most of the nascent LmSs, thereby deactivating them electrochemically during Li stripping. 30 The reason for the preferential deposition of LmSs in cavity-containing regions is that such areas are electrochemically more active 31 or possess a high local ionic conductivity. 29 Figure 2m-o shows a cross section of the Li-Li-3 sample which has been electrochemically stripped at a constant current of 0.3 mA·cm -2 for 30 h. Here, the unexpected phenomenon of cleavage of the separator due to the puncture by the LmS is observed. The corresponding 3D representation is displayed in Figure 2o . The presence of Li filaments running across the separator is observed, as indicated by white arrows between the punctured separator in Figure  2m . The cleavage can be attributed to the anisotropic mechanical properties of the Celgard ® separator in the transverse direction due to the manufacturing process employed to create the micro-porous membranes. 32 This is the first time that the puncture of a separator is reported experimentally and displayed in 3D. 3D representations of the morphological evolution of these cells are shown in Figure 2c , f, i, l, o. The locations of the cross sections shown in Figure 2 , along with the corresponding videos displaying the 3D nature of LmSs are available in SI. (Figure 3a-c) , a good deal of Li has been electrochemically stripped from the bulk anode Li (evidenced by the cavities formed as marked by white triangles in Figure 3d ,e) and subsequently alloyed with Si particles (evidenced by the cracks formed as marked by white diamonds in Figure 3d,e) . Moreover, after the Li-Si-1 sample has been discharged for 15 h and then charged for 5 h at 0.7 mA·cm -2 , some but not all voids generated during electrochemical dissolution are dominated by the nascent electrochemically deposited LmSs, as shown in Figure 3g -i. This non-uniform filling of voids may be the result of the uneven distribution of Li ion flux.
14 Finally, the Li-Si-3 sample, which has experienced 5 cycles, is shown in Figure 3j -l. We observe that a nearly 100-µm thick portion of the initial Li anode has been dissolved and is thereafter occupied by electrochemically generated LmSs. On the Si cathode, almost all of the Si particles have been fully lithiated to SiLi x (1<x<4) and are no longer observable due to the low X-ray attenuation coefficient. 33 3D representations of the morphological evolution of the LmS formed in Li-Si cells are shown in Figure 3c Based on these systematic investigations, we suggest a model that describes the phenomena observed in Figures 2 and 3 . A schematic illustration of the proposed evolution is shown in Figure 4 . During the 1 st electrochemical Li stripping, a significant amount of Li dissolves from the Li anode (yellow), and numerous cavities (white) are generated. Meanwhile, these Li ions, i) are electrochemically deposited into the LmS on the hostless Li cathode (as observed in Figure 2 ) or, ii) form an alloy with the Si/C composite electrode (as observed in Figure 3 ).
The purple-yellow color gradient in Figure 4 indicates the two cases observed in Figure 2 and Figure 3 . During subsequent electrochemical Li plating, the Li ions are transported back to the Li anode and are preferentially deposited in the previously formed cavities due to the high electrochemical local activity there. However, during the following (the 2 nd ) Li stripping from the anode, it is the remaining bulk Li (yellow) that undergoes electrochemical dissolution instead of the nascent electrochemically deposited LmS (ocre, formed during previous Li plating) which is covered by electron-blocking SEI. Summarizing this process one can say that the initial bulk Li anode is electrochemically dissolved continuously in each Li stripping step, which results in numerous cavities. During subsequent Li plating, large amounts of the LmS are generated and form the PLI, which occupies the voids formed during previous Li dissolution. It has been reported that a continuously growing PLI can substantially increase the internal resistance of a cell, which eventually results in poor cell performance and ultimately in cell failure. 20 Meanwhile, thin LmS protruding from the PLI towards the separator conducts high currents and consequently experiences large localized Joule heating. Previous simulations demonstrate that this localized Joule heating can be as high as 10 8 W m -3 and it could result in the melting of the separator and finally puncture of the separator. The observations of the evolution of electrochemically stripped/plated LmSs presented here shed light on a range of processes that previously have not been acknowledged or barely considered. Firstly, the proposed mechanism of LmS evolution can explain the origin of the electrochemically generated PLI that grows into the Li bulk electrode. Based on our observations, both the electrochemical dissolution of the initial Li bulk electrodes and the following electrochemical deposition of nascent LmSs contribute to the inward growth of the PLI. Secondly, the evaluation of using Coulombic efficiency to investigate the cycling efficiency of Li in Li symmetrical cells is compromised by the electrochemically inert LmSs. 29 According to our observations, a significant amount of Li is stripped from the initial Li bulk instead from the generated nascent (electrochemically inactive) LmSs to compensate for the depletion of Li ions in the electrolyte used to be plated. Thirdly, concerns about using Li metal as a standard counter electrode for the evaluation of the performance of battery materials using half-cells are raised. In fact, it has been confirmed that the PLI, which continuously grows in each cycle, can markedly increase the inner cell resistance and is the actual origin of the onset of cell degradation and failure. 20 Finally, considering that the dissolution of the initial Li bulk electrodes and the deposition of nascent LmSs (necessitated by the charge transfer within cells) remain intrinsic and unavoidable, the present results suggest that fundamental strategies that involve direct engineering of Li electrodes are desirable and necessary. For example, strategies such as introducing surface patterns to the Li electrode to direct and control Li deposition, 35 replacing conventional Li foil electrodes by organic-coated Li powder 36 or employing different substrates to selectively deposit and then encapsulate the LmS, 37 as well as adding suitable additives into the electrolyte to facilitate the formation of self-aligned Li nanostructure 38 or to improve the stability of the SEI layer 39 appear more suitable than conventional mechanical suppression or formation of protective passivation layers. 40 
CONCLUSIONS
Our work represents a major step forward in understanding the evolution of electrochemically stripped/plated LmSs and may speed up the process of introducing Li into commercial lithium metal batteries (LMBs) with enhanced performance. On the one hand, ground breaking electrolytes are highly needed to facilitate the nascent electrochemically deposited LmSs to plate smoothly onto the Li bulk electrode instead of forming a highly resistive PLI. On the other hand, it is also worth investigating electrochemical Li stripping to enable a more uniform accessibility of Li ions from not only the initial bulk Li electrode but also from the electrochemically plated LmS. In addition, engineering a sophisticated architecture of the Li electrode will be technologically crucial. Finally, separators with high ion conductivities and improved rigidities are highly desirable. Electrochemical Measurement. Galvanostatic charge and discharge of all the batteries was carried out using an IviumStat from Ivium Technologies, Netherlerlands. The cells were subjected to different current densities for discharge and charge. It has to be noted that the electrochemically "stripping and/or plating" is from the point view of Li negative electrode in Li-Li cell system. The cycling procedure for each cell is detailed in SI. Setting of Tomography Measurement. Synchrotron X-ray tomography was carried out at the BAMline at BESSY II of the Helmholtz-Centre Berlin, Germany. The synchrotron beam was monochromatized to 20 keV using a double multilayer monochromator with an energy resolution of about 1.5 %. The detector system comprised a 60-µm thick CdWO 4 scintillator, a microscopic optic and a pco4000 camera equipped with a 4008×2672 pixels CCD chip that is kept out of the direct beam by using a mirror. For tomography measurements of all cells, 2200 projections within a 180° battery rotation were recorded. For the Li-Li symmetrical cells, the exposure time was 2.5 s, for Li-Si half cells 3 s.
METHODS

Materials
Data Processing. The raw tomography data was filtered, normalized and reconstructed using code programmed in IDL 8.2. Three-dimensional segmentations of the separators were made using a grid of manually marked points that were fitted with a biharmonic equation using MATLAB. For the segmentation of LmSs and voids, the statistical region merger tool implemented in Fiji 41 was used followed by manual removal of the bulk lithium background. For the three-dimensional presentations in Figure 2 and 3, the segmentation of all materials except the Li bulk (Li bulk set to 0, all other materials to 1) was used as a mask for the according X-ray dataset in order to be able to show LmSs and voids without the Li bulk in the background. Two-dimensional segmentations were made by first manually segmenting the separator, followed by a statistical region merging and manualvia removal of the Li bulk background. The tomograms shown in the first column of Figure 2 are absorption contrast tomograms while the second column displays the averages of the according absorption and phase contrast tomograms. All remaining tomograms show absorption contrast only. Figure S1 -S8 are included in the supporting information files. Videos showing the 3D nature of the electrode are also included. These materials are available free of charge via the internet at http://pubs.acs.org.
Supporting Information Available. Detailed cycling procedures for all cells and
Remark concerning the experimental program. The effect of the pressure subjected to both cells and the electrode morphology on LmS formation was currently not the scope of this paper. Moreover, we have used a relatively small current and long cycle time to induce as much as possible Li dissolution and deposition. The effect of different C rates on the morphology of Li dissolution and deposition was not investigated. Nevertheless, these important parameters are worth to be studied in the future.
A quantitative analysis of the amount of lithium that has been dissolved from the Li anode and the amount of LmS that has been deposited onto the surface of the Li cathode (alloyed with the Si/C cathode) has presently not been conducted mainly because the currently used Li electrode (2.5 mm diameter) is bigger than the field of view (FoV), which is 1.7 mm wide. The current that passes through the chemical workstation may give rise to dissolution or deposition of Li outside the FoV. Considering this, the present research focuses on the qualitative analysis of the morphological evolution of LmSs in Li electrodes. However, cells assembled with Li electrodes smaller than the FoV could be measured in the future and analysed quantitatively. 
